Voltage-gated sodium channels composed of pore-forming ␣ and auxiliary ␤ subunits are responsible for the rising phase of the action potential in cardiac muscle, but the functional roles of distinct sodium channel subtypes have not been clearly defined. Immunocytochemical studies show that the principal cardiac poreforming ␣ subunit isoform Nav1.5 is preferentially localized in intercalated disks, whereas the brain ␣ subunit isoforms Nav1.1, Nav1.3, and Nav1.6 are localized in the transverse tubules. Sodium currents due to the highly tetrodotoxin (TTX)-sensitive brain isoforms in the transverse tubules are small and are detectable only after activation with ␤ scorpion toxin. Nevertheless, they play an important role in coupling depolarization of the cell surface membrane to contraction, because low TTX concentrations reduce left ventricular function. Our results suggest that the principal cardiac isoform in the intercalated disks is primarily responsible for action potential conduction between cells and reveal an unexpected role for brain sodium channel isoforms in the transverse tubules in coupling electrical excitation to contraction in cardiac muscle.
V
oltage-gated sodium channels are responsible for the initiation of action potentials in excitable cells. They are composed of a pore-forming ␣ subunit and auxiliary ␤ subunits (1) . Ten genes encoding ␣ subunits have been identified, and nine have been functionally expressed. These different isoforms have distinct patterns of development and localization in the nervous system, skeletal and cardiac muscle, and different pharmacological properties. Isoforms preferentially expressed in the central nervous system (Na v 1.1, 1.2, 1.3, and 1.6) are inhibited by nanomolar concentrations of tetrodotoxin (TTX), as is the isoform present in adult skeletal muscle (Na v 1.4). In contrast, the primary cardiac isoform (Na v 1.5) requires micromolar concentrations of TTX for inhibition because of the presence of a cysteine instead of an aromatic residue in the pore region (2) . Sodium channel ␣ subunits are associated with one or two auxiliary ␤ subunits, ␤1, ␤2, or ␤3. These auxiliary subunits modulate channel gating, interact with extracellular matrix, and play a role as cell adhesion molecules (3, 4) .
There is uncertainty about which ␣ subunit isoforms are expressed in cardiac myocytes. mRNA for Na v 1.5, the primary cardiac isoform, and Na v 1.1, which is primarily expressed in the central nervous system, are both found in cardiac tissue (5) . Na v 1.1 protein is expressed in the sino-atrial node in newborn rabbits (6) and in ventricular tissue (7) . Na v 1.2, Na v 1.3, and Na v 1.6 are thought to be exclusively neuronal. Na v 1.3 is predominant in the early stages of development, whereas Na v 1.2 and Na v 1.6 are predominant in adult brain (8) (9) (10) (11) (12) (13) .
This study defines the sodium channel ␣ subunits expressed in single ventricular myocytes and their role in cardiac physiology. Using specific antibodies, we show that Na v 1.1, Na v 1.3, Na v 1.5, and Na v 1.6 are differentially located within the ventricular myocyte. The brain isoforms Na v 1.1, Na v 1.3, and Na v 1.6 are present in the transverse tubular system, whereas the major cardiac isoform Na v 1.5 is present in the intercalated disks. Na v 1.1, Na v 1.3, and Na v 1.6 mediate small sodium currents in ventricular myocytes compared with Na v 1.5, but they contribute significantly to coupling of cell surface depolarization to contraction because of their location in the transverse tubules. Our results provide the first evidence, to our knowledge, for a unique functional role of TTX-sensitive brain-type sodium channels in the heart.
Methods
All procedures were approved by the Institutional Animal Care and Use Committee of the University of Washington.
Cell Isolation. Ventricular myocytes were isolated from adult male (8-10 weeks) wild-type B6129F1 mice, as described (14) .
Antibodies. Anti-SP19 is directed against a conserved region of the intracellular loop between domains III and IV of the sodium channel ␣ subunit and was characterized previously (15) . Antibodies against Na v 1.1, Na v 1.2, and Na v 1.3 were purchased from Chemicon International (Temecula, CA; anti-RI, -RII, and -RIII) (13) . The antibody recognizing Na v 1.6 (anti-Scn8a) came from Alomone Labs (Jerusalem). The antibody recognizing Na v 1.5 was generated against peptide SH1 (KTEPQAPGCGET-PEDS), corresponding to residues 1122-1137 of the ␣ subunit of Na v 1.5 (5) . The specificity of anti-SH1 was demonstrated by immunoblotting (data not shown).
Immunocytochemistry. Single ventricular myocytes were plated on laminin-coated glass coverslips and incubated (5% CO 2 , 37°C) for 6-12 h. Myocytes were fixed with 4% paraformaldehyde for 30 min, rinsed in 0.1 M phosphate, 0.1 M Tris buffer (TB), and in 0.1 M Tris-buffered saline (TBS), then blocked in 2% avidin-TBS and rinsed in TBS, then blocked in 2% biotin-TBS and rinsed in TBS. The myocytes were incubated with antibodies (diluted 1:15 in TBS containing 0.75% Triton X-100 and 1% normal goat serum) overnight at 4°C. Myocytes were then rinsed in TBS, incubated in biotinylated goat anti-rabbit IgG (diluted 1:300), and rinsed in TBS, incubated in avidin D fluorescein (diluted 1:300), rinsed in TBS, rinsed in TB, and rinsed in distilled water briefly. Coverslips were mounted on slides by using Vectashield (Vector). Cells were viewed by using a BioRad MRC 600 confocal microscope. For control sections, primary antibodies were preincubated with their antigenic peptide or no primary antibody was used. Pipette resistance was 1-2 M⍀ when filled with recording solution. Cell and electrode capacitance and series resistance (Ͼ85%) were compensated with internal voltage-clamp circuitry. Residual linear leak and capacitance were subtracted by using a P͞4 protocol. Currents were recorded with an Axopatch 200 amplifier (Axon Instruments, Union City, CA), and data were collected and analyzed with PULSE (HEKA Electronics, Lambrecht͞Pfalz, Germany) and IGOR (WaveMetrics, Lake Oswego, OR) software and presented as mean Ϯ SE.
Working Heart Preparations Guinea Pig. Isovolumic nonejecting working hearts were studied as described (16) . Briefly, adult male guinea pigs were anesthetized, and the heart was surgically removed and mounted on a Langendorff apparatus for retrograde perfusion via the aorta. The perfusate contained (in mM): 118 NaCl, 4. Mouse. We used a simplified working heart preparation to confirm effects of TTX on cardiac contractility in the mouse. Animals were anaesthetized, hearts removed and mounted on a Langendorff apparatus, and perfused at 37°C retrogradely through a 16-G Teflon cannula in the aorta by using the buffer described for guinea pigs. Perfusion pressure was 75 mmHg. The heart was paced at 480 beats per minute. A catheter tip manometer (Millar, 1.4F) was inserted via the aortic cannula into the left ventricle, and intraventricular pressure was measured.
Nav1.1-Expressing Mammalian Cells. Stable Na v 1.1-expressing HEK-293 cells, a generous gift from Glaxo Wellcome, were used to examine the properties of these channels (17) . The same solutions and stimulation protocols as mentioned above were used for characterization of channel function and the action of CssIV.
Chemicals. ␤ scorpion-toxin CssIV was a kind gift of Sandrine Cestèle and Marie-France Martin-Eauclaire. Biotinylated goat anti-rabbit IgG, avidin D fluorescein, avidin, biotin, Vectashield, and normal goat serum were purchased from Vector. All other chemicals were purchased from Sigma.
Results
Immunolocalization of Nav1.1, Nav1.3, Nav1.5, and Nav1.6 Channels in Single Cardiomyocytes. To examine whether brain-type sodium channel ␣ subunits are present in ventricular cardiomyocytes and to determine their localization compared with the major cardiac isoform Na v 1.5, we incubated isolated adult mouse myocytes with an antibody that recognizes a sequence conserved in all sodium channel isoforms (anti-SP19) or with antibodies recognizing specific ␣ subunit isoforms Na v 1.1 (anti-Na v 1.1), Na v 1.2 (anti-Na v 1.2), Na v 1.3 (anti-Na v 1.3), Na v 1.5 (anti-Na v 1.5), and Na v 1.6 (anti-Na v 1.6). Using the antibody recognizing all of these sodium channels, we observed sodium channel localization at high density at the regions of cell-to-cell contact, the intercalated disks ( Fig. 1 a and b) . Channel staining was also observed at lower density in a striated pattern ( Fig. 1 a and b) . Staining sections of ventricular tissue confirmed these localization patterns (data not shown). Interestingly, the ␣ subunit isoforms have distinct localizations, as determined with isoform-specific antibodies ( Fig. 1 c-h ). Staining for the principal cardiac isoform (Na v 1.5, Fig. 1c ) is very prominent at the cell margins, representing the area of the intercalated disks, with no detectable specific staining in the rest of the cell. This distinct localization was confirmed in ventricular tissue, where clustering of Na v 1.5 at the intercalated disks is very prominent (Fig 6, which is published as supporting information on the PNAS web site, www.pnas.org). This contrasts with staining for the brain-type isoforms Na v 1.1 ( Fig. 1 g and h) , Na v 1.3 ( Fig. 1e) and Na v 1.6 ( Fig.  1d ), which are distributed in a striated pattern throughout the depth of the cell, as seen when focusing at different planes, on the surface of the myocyte (Na v 1.1, Fig. 1g ) or within the cell (Na v 1.1, Fig. 1h ; Na v 1.3, Fig. 1e , and Na v 1.6, Fig. 1d ). This striated staining pattern is very similar to that of ␣ actinin, a marker for cardiac muscle z-lines, in ventricular tissue (7) (data not shown). No specific staining was observed with a specific antibody directed against the isoform Na v 1.2 ( Fig. 1f ) . Antibodies preabsorbed with peptides showed no specific signals (Fig. 7 , which is published as supporting information on the PNAS web site). Combination of the staining pattern obtained with antiNa v 1.5 with that obtained with antibodies against brain-type sodium channels leads to an image very similar to the staining pattern observed with the broad specificity sodium channel antibody (anti-SP19). Evidently, the image obtained with this antibody recognizing conserved sodium-channel sequences represents the sum of the images obtained with the isoform-specific antibodies against Na v 1.1, Na v 1.3, Na v 1.5, and Na v 1.6.
Properties of the Sodium Current in Ventricular Myocytes. To determine the properties of the total sodium current, I Na was recorded with the whole-cell voltage-clamp configuration in single mouse cardiomyocytes with a decreased external sodium concentration of 10 mM to reduce series resistance errors. Cell capacitance, which correlates with membrane area, was 127 Ϯ 13 pF, and I Na density, which represents the ratio of I Na amplitude to cell capacitance, was 61.6 Ϯ 6.6 pA͞pF (n ϭ 14). Parameters for half-maximal I Na activation and half-maximal inactivation after fitting the data to a Boltzmann equation were: V a ϭ Ϫ26.2 Ϯ 1.1 mV, k ϭ Ϫ5.8 Ϯ 0.1 mV for activation (n ϭ 14) and V h ϭ Ϫ47.0 Ϯ 1.1 mV, k ϭ 8.0 Ϯ 0.2 mV for inactivation (n ϭ 10) (Fig. 2a) .
Next we characterized the sensitivity of I Na to TTX, a specific sodium channel blocker that has approximately 100-fold higher affinity for brain Na v 1.1, Na v 1.3, and NA v 1.6 as opposed to cardiac Na v 1.5 channels. We determined the dose-response relation for the inhibition of I Na by using a depolarizing pulse to 0 mV ( Fig. 2b ; 10 mM NaCl extracellular). This dose-response curve was well fit by a single-site Hill equation with an EC 50 value for TTX of 679 nM. This value is lower than most reports of the TTX sensitivity of the cardiac sodium channel, which are generally in the micromolar range. It is known that TTX affinity depends on the external sodium concentration (18, 19) . Our EC 50 value is similar to previous recordings using low sodium concentrations (20) . In addition, it is in agreement with the sensitivity of cardiac preparations to micromolar TTX, after correction for the effect of sodium concentration (18) . These whole-cell voltage-clamp experiments indicate that Na v 1.1, Na v 1.3, and Na v 1.6 contribute at most a small fraction of I Na , because low concentrations of TTX that would block these neuronal isoforms had no detectable effect.
Detection of INa Conducted by Brain-Type Sodium Channels After
Treatment with the ␤ Scorpion Toxin CssIV. The ␤ scorpion toxin CssIV is a specific activator of neuronal sodium channels and does not activate the cardiac isoform (21) . It negatively shifts the voltage dependence of activation of the rat neuronal Na v 1.2 channel but only after the channel is ''primed'' with a preceding depolarizing prepulse in the presence of toxin (21) . ␤ scorpion toxins have similar effects on Na v 1.3 (22) . If it were also active on Na v 1.1 and Na v 1.6, CssIV could serve as a specific tool to reveal a low level of sodium current conducted by Na v 1.1, Na v 1.3, and Na v 1.6 in myocytes. We used a mammalian cell line stably transfected with Na v 1.1 (17) to examine whether CssIV also affects this channel. In high-sodium extracellular solution (120 mM), we measured the conductance-voltage relationship with and without a depolarizing prepulse in the presence of 1 M CssIV. The peak sodium current density was 39.2 Ϯ 7.5 pA͞pF without prepulse and 64.0 Ϯ 11.5 pA͞pF with prepulse, representing an increase of 65.9 Ϯ 23.9% caused by the preceding pulse (n ϭ 8; Fig. 3 ). As previously described for Na v 1.2 (21), we observed a negative shift of the activation properties of Na v 1.1 after a depolarizing prepulse (Fig. 3) . Fitting the activation curve without a prepulse to a Boltzmann equation, we obtained V a ϭ Ϫ10.5 Ϯ 1.7 mV, k ϭ Ϫ9.7 Ϯ 0.8 mV. After the prepulse, the activation curve could not be fitted to a single Boltzmann equation, indicating the appearance of a fraction of channels with modified voltage dependence of activation. The negative shift in the activation curve with a prepulse results in substantial currents at potentials where none were present without a prepulse (Fig. 3 Inset) . The negative shift of the activation curve and 65.9% increase of peak current are very similar to the effects of CssIV on Na v 1.2 expressed in tsA-201 cells (21) . Because Na v 1.1, Na v 1.2, Na v 1.3, and Na v 1.6 are similar in amino acid sequence in the ␤ scorpion toxin-binding region, it is expected that CssIV would affect Na v 1.6 similarly to the other brain-type sodium channel ␣ subunit isoforms. Thus, CssIV is a useful tool for detecting brain-type sodium channels in cardiac myocytes.
Sodium currents in dissociated ventricular myocytes were measured in high-sodium extracellular solution during test pulses to Ϫ60 mV for 30 ms in control and in the presence of 1 M CssIV (Fig. 4) . In the absence of CssIV, little sodium current was elicited at this threshold test pulse potential (peak current: 1.0 Ϯ 0.3 pA͞pF, n ϭ 6). In contrast, in the presence of CssIV with a depolarizing prepulse, a much larger current (peak 
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Isoform-specific staining for brain-type sodium channels in ventricular myocytes. Specific striated staining pattern for Na v1.6 (d), Nav1.3 (e), and Nav1.1 (h). The plane of focus was within the cell for these images. (g) Staining for Nav1.1, focusing on the surface of the myocyte. ( f) Specific antibodies directed against Na v1.2 did not detect protein. The striated pattern shows that Nav1.1, Nav1.3, and Na v1.6 are localized in the t-tubular system. Preabsorbed antibodies show no specific staining for Nav1.5, Nav1.1, Nav1.3, and Nav1.6, respectively (Fig. 7) . (Bar ϭ 10 m.) current: 17.3 Ϯ 6.2 pA͞pF, P ϭ 0.008 vs. no CssIV, unpaired Student's t test, n ϭ 5) was recorded. A low concentration of TTX (181 nM) substantially reduced this CssIV-sensitive component of I Na (2.7 Ϯ 0.6 pA͞pF, P ϭ 0.006 vs. CssIV, n ϭ 8). This 89.8% reduction of the CssIV-sensitive sodium current by 181 nM TTX indicates an EC 50 for TTX of 20.6 nM, assuming one-to-one binding. This EC 50 value is markedly lower than that typically reported in cardiac preparations (23) (24) (25) and similar to that reported for Na v 1.1 (9.6 nM TTX, 26), Na v 1.3 (1.8 nM TTX, 22), and Na v 1.6 (2.5 nM TTX, 17) when expressed in Xenopus oocytes or cell lines. Therefore, this CssIV-sensitive current is likely to be conducted by Na v 1.1, Na v 1.3, and Na v 1.6.
Role of Brain-Type Sodium Channels in Cardiac Contractility in Mouse
and Guinea Pig Hearts. Our immunocytochemical data showed preferential localization of the neuronal isoforms, Na v 1.1, Na v 1.3, and Na v 1.6 in the t-tubular system. This location suggests that these channels may be necessary for rapid conduction of the action potential along the t-tubules into the interior of the cardiac cell to initiate synchronous contraction, thereby influencing ventricular performance and force generation. To test this hypothesis, we administered 100 or 200 nM TTX to isolated working mouse and guinea pig hearts. These TTX concentrations are expected to block 83 and 91% of neuronal sodium channels, respectively (assuming an EC 50 of 20.6 nM) and have little effect on the cardiac Na v 1.5 isoform (1.5 and 3% block for 100 and 200 nM, respectively, assuming an EC 50 of 6.3 M in 122 mM sodium concentration (25) . Thus, these TTX concentrations should isolate physiological effects of neuronal Na v 1.1, Na v 1.3, and Na v 1.6 from those of cardiac Na v 1.5 sodium channels. To assess the effects on contractile function, we measured left ventricular developed pressure (DP) and dP͞dt max , which cor- Depolarizations to 0 mV from a holding potential of Ϫ100 mV were applied every 5 s, and peak sodium current was measured. Error bars represent SEM. relates with basal contractility and is highly sensitive to acute changes (27) . In mouse, TTX reduced dP͞dt max by 18.0% (n ϭ 3, 100 nM TTX) and 31.7% (n ϭ 2, 200 nM TTX), and the effect was reversible (data not shown). We performed more extensive experiments using an established guinea pig experimental model (16) . In these experiments, 100 nM TTX decreased left ventricular dP͞dt max by 15 Ϯ 4% (P ϭ 0.015, paired Student's t test; Fig.  5 a and b) and left ventricular DP by 12 Ϯ 4% (P ϭ 0.018, n ϭ 4, Fig. 5c ). For 200 nM TTX, dP͞dt max was reduced by 22 Ϯ 5% (P ϭ 0.006) and DP by 18 Ϯ 5% (P ϭ 0.012). Washing out TTX caused almost complete recovery [dP͞dt max ϭ 95 Ϯ 5%; DP ϭ 97 Ϯ 5% of control; n ϭ 4, not significant (n.s.), Fig. 5 a and b] . In addition, the development of left ventricular pressure was delayed after the pacing stimulus (Fig. 5 c and d) , and the duration of systole was prolonged by TTX (Fig. 5d) . The decreased contractility, delay in pressure development, and prolongation of systole can all be explained by a loss of synchrony of cardiac contraction. This indicates that brain-type sodium channels (Na v 1.1, Na v 1.3, and Na v 1.6) in the t-tubules are involved in linking depolarization of the cell surface to contraction in cardiac muscle.
Discussion Differential Localization of Sodium Channel ␣ Subunits in Cardiac
Myocytes. Nine different sodium channel subtypes have been identified, but their functional role in heart has not been characterized fully. We determined the localization of sodium channel ␣ subunits in isolated adult mouse ventricular myocytes. Our results demonstrate differential localization of four ␣ subunit isoforms: Na v 1.5 is preferentially located at the intercalated discs, whereas Na v 1.1, Na v 1.3, and Na v 1.6 are found at the z-lines within the t-tubular system.
Our immunocytochemical results have both similarities to and important differences from previous reports. They agree with Malhotra et al., who found Na v 1.1 in t-tubules in sections of mouse heart (7). Cohen reported intense labeling of Na v 1.5 at terminal intercalated discs, as we have found, but also observed labeling for Na v 1.5 along the cell surface and at the z-lines in adult rat ventricular tissue (28) . A BLAST search of the amino acid sequence used to generate the anti-Na v 1.5 antibodies used in that study suggests that the antibodies would have also recognized Na v 1.3. In contrast, the sequence of the anti-Na v 1.5 antibody used in the present study is not expected to recognize brain channels. This was confirmed by transfecting tsA-201 cells with Na v 1.1 and Na v 1.5 and showing that the antibodies we used (anti-Na v 1.1, anti-Na v 1.2, anti-Na v 1.3, anti-Na v 1.5, and antiNa v 1.6) were specific for their target proteins by immunocytochemistry. Therefore, it seems likely that the staining previously reported for Na v 1.5 (28) described the sum of the distributions of two sodium channel isoforms in cardiac tissue: Na v 1.3 and Na v 1.5. Our own data, together with the data of Cohen (28) , allow us to conclude that Na v 1.5 is located at the intercalated disks and Na v 1.1, Na v 1.3, and Na v 1.6 in the t-tubular system. Our more specific antibodies highlight the sharply complementary distributions of the sodium channel ␣ subunit isoforms in cardiac myocytes.
Functional Significance of Localization of Nav1.5 Channels in Cardiac
Myocytes. The clustering of Na v 1.5 at the intercalated discs and its high expression level relative to Na v 1.1, Na v 1.3, and Na v 1.6 suggest that the Na v 1.5 channels are specialized for the initiation of the action potential as it jumps from cell to cell. This high density of sodium channels is reminiscent of nodes of Ranvier in myelinated nerves, where depolarization jumps in saltatory fashion from node to node, and the intermediate internodal membrane is depolarized electrotonically. Our results raise the possibility that the action potential may jump from one end of the cell to the other end via Na v 1.5 channels, depolarizing the intervening cell surface membrane electrotonically. This architecture would allow the rapid propagation of the action potential through the working ventricular myocardium that is needed for proper function. If this form of conduction is correct for the surface membrane of cardiac myocytes, how is the action potential conducted rapidly and synchronously into the interior of the myocyte where calcium release activates the contractile proteins?
Functional Role of Sodium Currents Conducted by Nav1.1, Nav1.3, and Nav1.6. Our results provide, to our knowledge, the first detection of sodium currents through brain-type Na v 1.1, Na v 1.3, and Na v 1.6 channels in ventricular myocytes. No TTX-sensitive sodium current characteristic of Na v 1.1, Na v 1.3, and Na v 1.6 is detected under standard recording conditions. TTX-sensitive sodium current was revealed when myocytes were treated with ␤ scorpion toxin to isolate current through Na v 1.1, Na v 1.3, and Na v 1.6 channels. That current was blocked with high affinity by TTX (EC 50 ϭ 20.6 nM). In the absence of ␤ scorpion toxin, we estimate that a reduction in sodium current Ͼ5% in the presence of low TTX concentrations would have been detected. Because no reduction was observed, this represents an upper limit on the percentage of current due to TTX-sensitive isoforms. Thus, despite showing the presence of TTX-sensitive sodium channels using ␤ scorpion toxin, our results parallel previous findings reporting an EC 50 for TTX in the micromolar range in cardiac preparations and failing to detect a high-affinity population of sodium channels (19, 25, 29, 30) .
Although the sodium current conducted by Na v 1.1, Na v 1.3, and Na v 1.6 channels is small, the specific t-tubular location of these channels suggests an important function. Calcium is released synchronously throughout the ventricular myocyte, and release begins within 2 ms of depolarization (31) . This is in sharp contrast to tissues lacking t-tubules, such as atrial myocytes or Purkinje fibers, in which contraction is initiated at the periphery and propagates inward (32, 33) . Thus, transverse tubules are necessary for the rapid propagation of the action potential into the center of the ventricular myocyte. Neuronal sodium channels may underlie this rapid conduction and excitation of the cell interior. Our observation that low TTX concentrations reduce cardiac contractility and desynchronize excitation-contraction coupling support the unexpected conclusion that brain-type sodium channels rapidly conduct the action potential along the t-tubules into the center of the myocyte, depolarizing the ttubules, activating L-type calcium channels, and initiating excitation-contraction coupling.
Overall, our results give insights into the localization of sodium channel isoforms in cardiac tissue and suggest complementary physiological roles for these channels: Na v 1.5 in initiation and conduction of the cardiac action potential and Na v 1.1, Na v 1.3, and Na v 1.6 in coupling of cell surface depolarization to contraction. These data provide physiological evidence that TTXsensitive brain-type sodium channels play an important role in action potential propagation in the myocyte and in excitationcontraction coupling.
